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ABSTRACT Peroxynitrite anion (ONOO2) is a reactive
species of increasingly recognized biological relevance that
contributes to oxidative tissue damage. At present, however,
there is limited knowledge about the mechanisms of peroxyni-
trite diffusion through biological compartments. In this work
we have studied the diffusion of peroxynitrite across eryth-
rocyte membranes. In solution, peroxynitrite rapidly reacts
with oxyhemoglobin to yield methemoglobin, with k2 5 (10.4 6
0.3) 3 103 M21zs21 at pH 7.4 and 25°C. Addition of peroxyni-
trite to intact erythrocytes caused oxidation of intracellular
oxyhemoglobin to methemoglobin. Oxidation yields in red
blood cells at pH 7.0 were approximately 40% of those
obtained in solution, which results mostly from competition of
other cytosolic components for peroxynitrite. Indeed, rather
small differences were observed between oxidation yields in
lysates compared with intact erythrocytes, in particular at
acidic and neutral pH values, indicating that membrane was
not precluding peroxynitrite diffusion. Incubation of eryth-
rocytes at pH 7.0 with 4,4*-diisothiocyanatostilbene-2,2*-
disulfonic acid (DIDS), a specific inhibitor of anion exchange,
resulted in up to 50% inhibition of oxyhemoglobin oxidation
by peroxynitrite. More protection by DIDS was achieved at
alkaline pH, while no effect was observed at pH 5.5, where 95%
of peroxynitrite is in the acidic form, ONOOH (pKa 5 6.8). In
addition, peroxynitrite caused nitration of intracellular he-
moglobin, in a process that was enhanced in thiol-depleted
erythrocytes. Our results indicate that peroxynitrite is able to
cross the erythrocyte membrane by two different mechanisms:
in the anionic form through the DIDS-inhibitable anion
channel, and in the protonated form by passive diffusion.

Peroxynitrite anion (ONOO2), the product of the reaction
between superoxide anion (O2

.) and nitric oxide (zNO) and its
conjugated acid, peroxynitrous acid (ONOOH) (pKa 5 6.8;
refs. 1 and 2), are potent oxidants known to be formed in vivo
(3–5).¶ At physiological pH, 80% of peroxynitrite is present in
the anionic form, but once protonated it rapidly rearranges to
nitrate (kobs 5 0.9 s21 at 37°C and pH 7.4; ref. 2). The biological
half-life of peroxynitrite is low (,0.1 s) because of the proton-
catalyzed isomerization to nitrate but mainly because of re-
actions with target molecules.
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2

The chemistry of peroxynitrite is complex and strongly pH de-
pendent (6, 7). Peroxynitrite can directly oxidize a variety of
biomolecules (1, 8–14) by one- or two-electron oxidations or
rearrange after protonation to a highly oxidizing species
(ONOOH*, E0 5 12.1 V) with a reactivity close to that of
hydroxyl radical. In addition, peroxynitrite is capable of nitrating

aromatics (15, 16) in a process that can be enhanced by metal
centers and CO2 (17). The reaction between peroxynitrite and
CO2 leads to the formation of nitrosoperoxocarbonate
(ONO2CO2

2), a reactive intermediate that represents one of the
major routes of peroxynitrite consumption in biological systems
(17, 18).

Because peroxynitrite is a stronger oxidant than both of its
precursors, O2

. and zNO, it has been suggested to be the species
responsible for some of the pathological conditions associated with
an overproduction of these radicals (9). Its participation in isch-
emiayreperfusion injury, neurodegenerative diseases, cardiovas-
cular disorders, atherosclerosis, and severe inflammation condi-
tions, among others, has been reported (3, 19–24).

The reaction between zNO and O2
. is almost diffusion

controlled, k2 5 6.9 3 109 M21zs21 (25); therefore nearly every
collision between zNO and O2

. results in the formation of
peroxynitrite. zNO is a small hydrophobic and relatively unre-
active free radical that freely diffuses across membranes (26,
27). On the other hand, O2

. has a shorter biological half-life
than zNO and, because it is negatively charged at physiological
pH (pKa 5 4.8), its diffusion across membranes depends on the
presence of anion channels (28). It is reasonable, therefore, to
consider that in biological systems peroxynitrite will be pref-
erentially formed close to the O2

. generation sites with the
arrival of zNO molecules produced at more distant areas (29).
Now the question arises whether peroxynitrite is able to diffuse
through cells and interact with critical targets located far from
its site of production.

Indirect evidence of peroxynitrite transmembrane diffusion
has been observed by various authors, including ourselves
(29–33). However, in these studies, the intracellular effects
observed after exposure to externally added peroxynitrite
could also be due to secondary oxidants derived from per-
oxynitrite (i.e., nitrogen dioxide, zNO2) or even intracellular
migration of secondary membrane lipid oxidation products.
Up to now, the biological fate of peroxynitrite has been
predicted mainly on kinetic grounds (34), but diffusional
considerations become another key factor as it is apparent that
peroxynitrite-producing cells mediate toxic effects in target
cells and extracellular compartments (3, 35).

In this report we study the diffusion of peroxynitrite from
the extra- to the intracellular compartment, using red blood
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cells (RBC) as a model system, and we define the mechanisms
by which peroxynitrite can cross cell membranes.

MATERIALS AND METHODS
Chemicals. The following reagents were purchased from

Sigma: 4,49-diisothiocyanatostilbene-2,29-disulfonic acid
(DIDS), nigericin sodium salt, hydrogen peroxide, sodium
nitrite, bovine serum albumin (BSA), and N-ethylmaleimide
(NEM). The anion-exchanger DEAE-Sepharose CL-6B was
obtained from Pharmacia. 29,79-Bis-(2-carboxyethyl)-5-
carboxyfluorescein (BCECF) and its acetoxymethyl ester
(BCECF-AM) were purchased from Molecular Probes. All
other reagents were of research grade quality.

Peroxynitrite was synthesized in a quenched-flow reactor as
previously described (1, 9) with minor modifications (30) and
stored at 280°C until use. The concentration of nitrite in the
peroxynitrite preparations was determined by the method of
Griess (36) and was typically '50% of the peroxynitrite concen-
tration. The absence of hydrogen peroxide was confirmed by
decomposing peroxynitrite in buffer before assay with horseradish
peroxidase and iodide as the second substrate («353 5 25,000
M21zcm21; ref. 37). Peroxynitrite concentrations were determined
spectroscopically at 302 nm (« 5 1, 670 M21zcm21), and dilutions
in water were made immediately before use to achieve the desired
concentrations. A rabbit polyclonal antibody against nitrotyrosine
was raised with nitrated keyhole limpet hemocyanin and purified
in our laboratory by affinity chromatography as described else-
where (38).

Preparation of Oxyhemoglobin. Oxyhemoglobin solution
was prepared from human erythrocytes (RBC) as previously
described (39). Briefly, cells were obtained by centrifugation
(800 3 g, 10 min) of freshly drawn blood from a healthy donor
with heparin as the anticoagulant. After the RBC had been
washed with 0.15 M NaCly5 mM TriszHCl, pH 8.0, lysis was
achieved by diluting with 1.5 vol of distilled water. After 15 min
at room temperature the lysate was centrifuged and the
supernatant was dialyzed against 50 mM TriszHCl, pH 8.3y0.1
mM edta for 2 h. The dialyzed lysate was loaded onto a
DEAE-Sepharose column (2.5 3 19 cm) previously equili-
brated with 50 mM TriszHCl, pH 8.3y0.1 mM edta. Oxyhe-
moglobin was eluted by applying a pH gradient from 8.3 to 7.0
in the same buffer. The purity of the hemoglobin preparation
was assessed by SDSy15% polyacrylamide gel electrophoresis,
yielding a wide single protein band around 15.5 kDa corre-
sponding to the a and b chains of human hemoglobin (15.1 and
15.8 kDa, respectively). The solution of hemoglobin obtained
was 95% in the oxy form, and neither superoxide dismutase
(40) nor catalase (41) activity was detected.

Concentration of Hemoglobin. The concentration of oxy-
and methemoglobin was determined spectrophotometrically
by measuring the absorbance at 577 and 630 nm as described
by Winterbourn (39): oxyhemoglobin (concentration of heme,
mM) 5 66 A577 2 80 A630; methemoglobin (concentration of
heme, mM) 5 279 A630 2 3 A577.

Kinetic Experiments. Stopped-flow measurements were per-
formed in an Applied Photophysics SF-17MV spectrophotometer
(Leatherhead, England) with a mixing time of less than 2 ms.
Spectral changes during oxyhemoglobin–peroxynitrite interactions
were studied by using the photo diode array accessory, SX-18MV
(200–750 nm). Oxyhemoglobin (25 mM) was mixed with peroxyni-
trite (180 mM) in 100 mM sodium phosphate buffer, pH 7.5, at
37°C, and spectra (450–700 nm) were taken every 250 ms for 2 s.
When peroxynitrite was decomposed in buffer before mixing with
oxyhemoglobin, no change in the spectra was observed even after
10 s. The second-order rate constant for the reaction of oxyhe-
moglobin with peroxynitrite was determined by the method of
initial velocities (34, 42) following the disappearance of oxyhemo-
globin with time at 577 nm (« 5 11,000 M21zcm21; ref. 39). The
kinetics of peroxynitrite-mediated oxidation of oxyhemoglobin
was studied at various pH values, 5.0–8.0 (60.01) in 100 mM

phosphate buffery0.05 mM diethylenetriaminepentaacetic acid
(dtpa). The temperature was kept constant at 25 6 0.2°C and the
pH values of the reaction mixtures were determined at the outlet.

Preparation of RBC. RBC were obtained by centrifugation
(800 3 g, 10 min) of freshly drawn heparinized human blood.
After removal of plasma and buffy coat, the cells were
resuspended and washed in 0.15 M NaCly5 mM phosphate
buffer, pH 7.2, and kept at 4°C until used on the same day.

Oxyhemoglobin Oxidation by Peroxynitrite. (i) Oxidation
yields in solution. Oxyhemoglobin (200 mM) in 200 mM phos-
phate buffer was exposed to increasing concentrations of
peroxynitrite (0–250 mM). The reaction was completed in less
than 2 s, and immediately after mixing, any secondary reaction
was stopped by dilution 1y10 with water containing 0.1%
Triton X-100. The absorbances at 577 and 630 nm were
measured to determine the amount of methemoglobin formed.
From these values, the oxidation yields in buffer, at three
different pH values (5.5, 7.0, and 8.2) were calculated.

(ii) Oxidation yields in intact RBC. A suspension of RBC (200
mM oxyhemoglobin)i in isotonic buffer A (80 mM sodium
phosphate buffery40 mM NaCly10 mM KCl) was incubated 10
min at room temperature with nigericin (10 mgyml) before
addition of peroxynitrite (0–600 mM), immediately mixed, and
centrifuged (8,000 3 g, 10 s). The supernatant was set aside to
measure pH and the pellet was resuspended in the same
volume with distilled water. The whole procedure after addi-
tion of the oxidant was completed in 2 6 0.5 min. The
absorbance at 577 and 630 nm of the lysate was measured, and
the yields of intracellular hemoglobin oxidation at three dif-
ferent pH values (5.5, 7.0, and 8.2) were calculated.

(iii) Oxidation yields in RBC lysates. To determine the
oxidation yields in solution but in the presence of all the
cytosolic components of the erythrocyte, the cells were lysed
by osmotic shock and centrifuged, and an aliquot of the
supernatant (lysate) equivalent to 200 mM oxyhemoglobin was
resuspended in 200 mM phosphate buffer at the pH of study
(5.5, 7.0, and 8.2). The reaction with peroxynitrite was con-
ducted and followed in the same way as described above (i).

Intracellular pH Measurements. The emission spectra of
entrapped carboxyfluorescein derivative (BCECF) were used
to measure internal pH of RBC as previously described (43)
with minor modifications. RBC (300 mM oxyhemoglobin) were
incubated with BCECF-AM (10 mM) for 30 min at pH 7.2 and
4°C. The cells were then centrifuged and washed to eliminate
any excess of BCECF-AM. A calibration curve was con-
structed by using isotonic buffer A (130 mM in K1) at different
pH values (from 5.5 to 8.5) and nigericin (10 mgyml, 10 min at
room temperature) to equilibrate external and internal pH.
Fluorescence intensities at each pH were measured in a
Kontron SFM-25 spectrofluorimeter exciting at two wave-
lengths: 500 nm (absorption maximum) and 440 nm (isosbestic
point), and following emission at 535 nm. Then RBC with
entrapped BCECF were exposed to three different external
pH values (5.5, 7.0, or 8.2) by resuspending the cells in isotonic
buffer A, in the absence and presence of 200 mM DIDS.
Intracellular pH in each case was assessed by measuring the
fluorescence emission as described above.

Effect of DIDS on Intracellular Oxidation of Oxyhemoglo-
bin by External Addition of Peroxynitrite. Intact RBC (60 mM
heme in 5 mM phosphate buffer, pH 7.2y0.15 M NaCl) were
incubated with increasing concentrations of DIDS (0–300 mM)
for 30 min at room temperature. After the cells had been
washed to remove any excess DIDS, peroxynitrite was added
(300 mM) and the oxidation of intracellular oxyhemoglobin

iThe concentration of hemoglobin used in intact erythrocyte suspen-
sion experiments will be expressed as the concentration of oxyhemo-
globin (concentration of heme, mM) released after lysis, which is
achieved by pelleting the cells and resuspending them in the same
volume of distilled water.
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was determined spectrophotometrically as described above.
The effect of pH was assessed by previously incubating RBC
with 200 mM DIDS (30 min, room temperature), then cen-
trifugation and resuspension in the same volume with buffer A
at different pHs and 10 mgyml nigericin. The yields of intra-
cellular oxyhemoglobin oxidation by externally added per-
oxynitrite were determined as described above.

Western Blot Analysis. Purified human hemoglobin and RBC,
with and without peroxynitrite treatment, were analyzed on SDSy
15% polyacrylamide gels. Peroxynitrite treatment consisted of
exposure of pure oxyhemoglobin (210 mM) or intact RBC (420
mM oxyhemoglobin) to 2 mM peroxynitrite. Depletion of eryth-
rocyte thiols was achieved by incubating intact RBC (420 mM
oxyhemoglobin) with 1 mM NEM at room temperature for 30 min,
and the excess of NEM was removed by washing with isotonic
buffer. The proteins were separated on a gel and electrophoreti-
cally transferred (240 mA, 2 h) to nitrocellulose membranes (0.2
mm pore size, Hybond-C extra, Amersham), and the nonspecific
binding sites were blocked for 1 h with blocking buffer (5% BSA
in 50 mM TriszHCly150 mM NaCl, pH 7.4) and 0.3% Tween 20.
Nitrocellulose filters were probed with 0.2 mgyml rabbit polyclonal
antibody to nitrotyrosine (1:1000 dilution) in blocking buffer
containing 0.6% Tween 20 for 1 h. After extensive washings in the
same buffer, the immunocomplexed membranes were further
incubated (1 h) with a horseradish peroxidase-conjugated second-
ary antibody [donkey polyclonal anti-rabbit IgG (1:5000 dilution;
Amersham)]. Probed membranes were washed in blocking buffer
containing 0.3% Tween 20, and immunoreactive proteins were
detected by using the luminol-enhanced chemiluminescence de-
tection system (ECL; Amersham).

General Procedures. All spectrophotometric measurements
were performed in a Milton Roy Spectronic 3000 Array spectro-
photometer. Protein concentration was determined by the Brad-
ford method (44), using BSA as standard. Whenever the effect of
peroxynitrite was studied, runs were performed under the same
conditions with peroxynitrite that had been previously decom-
posed in buffer (reverse addition experiments; ref. 34). These runs
allow us to account, in the time course of our experiments, for any
contribution to the oxidation and nitration of oxyhemoglobin by
any contaminant of the peroxynitrite preparation and decompo-
sition products, in particular nitrite. In addition, experiments with
nitrite at the concentrations found during peroxynitrite exposures
were performed.

RESULTS
Oxidation of Oxyhemoglobin by Peroxynitrite. Fig. 1 shows the

rapid visible spectral changes associated with the reaction of
human oxyhemoglobin with peroxynitrite at pH 7.4 and 37°C. In
the 450- to 700-nm region of the spectrum, in the 2-s study period,
the absorbances at 544 and 577 nm decrease, while an absorption
at 630 nm appears and increases, indicating the oxidation of
oxyhemoglobin to methemoglobin. Even though nitrite is able to
perform the same oxidation (45), addition of 500 mM nitrite to
oxyhemoglobin (50 mM) caused no significant oxidation after 3
min, indicating that nitrite-dependent oxidation of oxyhemoglobin
is too slow to account for any of our observations. In addition, no
change in the spectrum of oxyhemoglobin was observed in the
2-min period of study when peroxynitrite previously decomposed
in buffer was used.

Initial rates of oxyhemoglobin oxidation expressed as mMzs21

(«577 5 11,000 M21zcm21; ref. 39) linearly increased with initial
peroxynitrite concentration (Fig. 2) and from this plot, an apparent
second-order rate constant of (10.4 6 0.3) 3 103 M21zs21 was
determined for the reaction, at pH 7.4 and 25°C. The pH profile
(Fig. 2 Inset) shows a pKa value of 7.0, close to the one reported
for cis-peroxynitrite (1, 2), indicating that peroxynitrous acid is the
predominant species reacting with oxyhemoglobin.

Oxidation of Intracellular Oxyhemoglobin by Externally Added
Peroxynitrite. Addition of peroxynitrite to intact RBC caused a
rapid, dose-dependent, oxidation of intracellular oxyhemoglobin

(Fig. 3). The amount of methemoglobin linearly increased with
increasing concentrations of added peroxynitrite until all the
hemoglobin was consumed (ONOO2 . 230 mM for 50 mM
oxyhemoglobin). The yield of methemoglobin from 100 mM
peroxynitrite as a function of total hemoglobin increased hyper-
bolically (Fig. 3 Inset), and from these values an oxidation yield of
45% was determined at pH 6.8. The experiments were performed
in less than 2 min to avoid any contribution of nitrite to the
oxidation process (see reverse-order addition runs). Therefore, the
result suggests that peroxynitrite is the oxidant species responsible
for the oxidation of intracellular oxyhemoglobin after having
diffused across the erythrocyte membrane. The oxidation yield in
intact RBC at pH 7.0 was significantly lower than the one
determined in solution, and that determined in lysates had an
intermediate value (Table 1), which indicates that both kinetic and
diffusional factors were affecting oxidation yields in intact cells. As
anionic and protonated forms of peroxynitrite (ONOO2 and
ONOOH) have different reactivities and net charge, it was likely
that the two forms also differed in membrane permeance. There-
fore, we studied the effect of pH on oxyhemoglobin oxidation
yields, in solution, intact RBC, and lysates. The results are sum-
marized in Table 1. For each condition studied, the dependence on
pH had the same tendency—i.e., oxidation yields were higher at

FIG. 1. Oxidation of oxyhemoglobin by peroxynitrite. Time-
resolved (0–2 s) visible absorption spectra for stopped-flow reaction
of human oxyhemoglobin (25 mM) and peroxynitrite (100 mM) in 100
mM phosphate buffery0.1 mM dtpa, pH 7.4, 37°C. The dotted line
represents the absorbance of control oxyhemoglobin.

FIG. 2. Initial velocities for the reaction between oxyhemoglobin
and peroxynitrite as a function of peroxynitrite concentration. The
reactions were conducted at 25°C in 100 mM phosphate buffer, pH
7.4y0.1 mM dtpa with 25 mM oxyhemoglobin. (Inset) Dependence of
the determined second-order rate constant on pH.
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low pH values and decreased with pH. Significant differences were
observed between lysate and intact RBC at pH 8.2, where 96% of
peroxynitrite is in the anionic form and only 4% of the conjugated
acid is present. However, at pH 5.5 (95% ONOOH), the oxidation
yields in intact RBC and lysates were the same, indicating that the
membrane does not represent a diffusional barrier for peroxyni-
trous acid.

Effect of DIDS on Peroxynitrite Diffusion. The diffusion of
peroxynitrite anion through anion channels was investigated by
using the HCO3

2yCl2 exchanger inhibitor DIDS. Fig. 4 shows that
in intact RBC at pH 7.0, DIDS inhibited the oxidation up to 50%.
Importantly, the presence of DIDS (up to 300 mM) did not alter
the oxidation yields of oxyhemoglobin in solution (data not
shown), confirming that there is not a direct reaction between
peroxynitrite and DIDS. The results indicate that DIDS, in agree-
ment with its known effect on the exchange of stable anions, was
blocking the entrance of peroxynitrite through the anion channel.
Therefore, it was of interest to see how extracellular pH could
affect diffusion of the oxidant in its anionic or acid forms. Intact
RBC were resuspended in isotonic phosphate buffer at three
different pH values: 5.5, 7.0, and 8.2. Intracellular pH was followed
by loading the cells with the acetoxymethyl ester of the pH-
sensitive fluorophore, BCECF, as described in Materials and
Methods. Because the HCO3

2yCl2 transporter participates in
intracellular pH (pHi) maintenance, the final pHi observed in the
presence of DIDS was different than the one achieved in its
absence (DpH 5 0.7). To avoid this, nigericin was added to
equilibrate external with internal pH by a different mechanism:
exchange of H1 for K1. In this case, the difference between
external and internal pH after equilibration with nigericin was less
than 0.1 pH unit, and the presence of DIDS made no difference.
As oxidation yields decrease with pH (see Table 1), the concen-

tration of external peroxynitrite added was increased with pH to
obtain similar total oxidation under the three pH values studied.
The results obtained are summarized in Table 2. At pH 5.5, where
95% of peroxynitrite is in the protonated form, the presence of
DIDS did not affect the yield of intracellular hemoglobin oxida-
tion. On the other hand, at pH 7.0, 60% of the peroxynitrite is in
the anionic form, and the blockade of the anion channels by DIDS
reduced the oxidation yields by 50%. Moreover, at pH 8.2 the
protection by DIDS was higher, reaching 65%.

Nitration of Intracellular Hemoglobin by Peroxynitrite. Under
reducing and denaturing conditions (SDSy15% PAGE), human
hemoglobin electrophoretically moved as a monomer of '15.5
kDa (Coomassie blue staining for proteins) and was not recog-
nized by the anti-nitrotyrosine antibody (Fig. 5, lane 1). After
exposure to peroxynitrite, it was nitrated as revealed by the
anti-nitrotyrosine antibody (lane 2). It was also observed that a
nitrated dimer (mobility corresponding to 31 kDa) was formed in
the peroxynitrite treatment. Analysis of intact RBC exposed to
peroxynitrite demonstrated nitration of some of the protein bands
(lane 6). The concentration of peroxynitrite used for the nitration
experiments (2 mM) was higher than the concentrations used in
the oxidation experiments (#0.5 mM, see Fig. 3). This was
necessary for obtaining a significant nitrotyrosine signal, as per-
oxynitrite-mediated nitrations occur at much lower yields than
direct oxidations (15). When RBC were pre-treated with NEM, to
block the reactivity of peroxynitrite toward sulfhydryls (1), the
signal corresponding to the nitrated proteins was significantly
intensified (lane 5 vs. lane 6). The main nitrated band in RBC
lysates seemed to correspond with the dimeric nitrated hemoglo-
bin. Reverse-order-addition experiments (lane 3 and 4) showed
some nitrotyrosine formation that is not observed in the control
sample (lane 7 and 8). Exposure of RBC to 4 mM nitrite for 2 min

FIG. 3. Oxidation of intracellular oxyhemoglobin by externally
added peroxynitrite. Peroxynitrite (0–0.5 mM) was added to intact
RBC (50 mM oxyhemoglobin) suspended in isotonic buffer A, pH 6.8.
E, Same experiment but decomposing peroxynitrite in buffer before
addition to RBC. (Inset) Yield of methemoglobin from 100 mM
peroxynitrite at pH 6.8.

FIG. 4. Effect of DIDS on intracellular oxyhemoglobin oxidation.
Erythrocytes (60 mM oxyhemoglobin) resuspended in isotonic buffer
A, pH 6.8, were incubated in the presence of the indicated amount of
DIDS (30 min, room temperature) and washed before addition of 300
mM peroxynitrite. Methemoglobin formed in the reverse-order-
addition experiments was no higher than in the controls.

Table 1. Yields of oxyhemoglobin oxidation by peroxynitrite

pH

Yield, %

Solution Lysate RBC

5.5 170 6 8 90 6 5 90 6 6
7.0 77 6 4 40 6 3 30 6 2
8.2 20 6 1 20 6 2 10 6 1

Yields were calculated from the slope of the line obtained by linear
regression fitting of the experimental data (methemoglobin formed
from 200 mM hemoglobin vs. peroxynitrite concentration). The reac-
tion times and concentration ranges used were such that reverse-order-
addition experiments yielded negligible amounts of methemoglobin in
the three systems studied.

Table 2. Effect of pH on DIDS-dependent inhibition of
intracellular hemoglobin oxidation

pH

Methemoglobin, % % inhibition
by DIDSWithout DIDS With DIDS

5.5 55 6 2 57 6 3 0
7.0 48 6 2 24 6 2 50
8.2 37 6 2 13 6 1 65

Peroxynitrite concentrations used were 50 mM at pH 5.5, 150 mM at
pH 7.0, and 650 mM at pH 8.2 to achieve similar oxidation yields.
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resulted in moderate nitration similar in extent to that observed in
the reverse-order-addition experiments (data not shown).

DISCUSSION
Peroxynitrite reacts fast with oxyhemoglobin to yield methe-
moglobin (Fig. 1), and this reaction was utilized as an indicator
of intracellular peroxynitrite diffusion in intact erythrocytes. A
second-order rate constant of (10.4 6 0.3) 3 103 M21zs21 was
determined for the reaction of human oxyhemoglobin with
peroxynitrite at pH 7.4 and 25°C. The rate constant and
oxidation yields decreased with pH with a pKa of 7.0 (Fig. 2,
Table 1) which indicates that the predominant species reacting
with hemoglobin is the protonated form of peroxynitrite,
peroxynitrous acid. The oxidation of hemoglobin is not specific
for peroxynitrite, since the same oxidation product can be
obtained by reactions of oxyhemoglobin with peroxynitrite
decomposition products such as nitrite (NO2

2) and nitrogen
dioxide (zNO2) (45, 46). However, the peroxynitrite-mediated
oxidation of hemoglobin is significantly faster than the reac-
tion with nitrite, which is kinetically characterized by a lag
period followed by an autocatalytic phase (45). Moreover, at
the concentrations of peroxynitrite used for causing oxidation
of oxy- to methemoglobin (#500 mM ONOO2) neither de-
composed peroxynitrite nor up to 500 mM nitrite were able to
perform the process within the 2-min period of this study. In
addition, the reaction of oxymyoglobin with zNO2 was also
reported to be very slow, with k 5 9 6 5 M21zs21 (46).
Oxidation yields based on molecules of oxidized oxyhemoglo-
bin per molecule of added peroxynitrite were higher than
100% at pH 5.5 (170%), similar to what was previously
observed for thiol oxidation yields with peroxynitrite anion
(1). This yield reflects the fact that each molecule of peroxyni-
trite is capable of abstracting up to two electrons from a given
target, either directly or in sequential steps.

Addition of peroxynitrite to RBC also rapidly transformed
the intracellular oxyhemoglobin into methemoglobin in a
dose-dependent manner (Fig. 3). The oxidation yield for free
hemoglobin in phosphate buffer at pH 7.0 was 77% and
decreased to 30% for intact RBC (Table 1). These differences
are partially due to the presence of erythrocyte cytosolic
components that compete with hemoglobin for peroxynitrite
(for example glutathione, which is 2–3 mM inside the RBC; ref.
47), as can be concluded from the experiments with cell lysates
(Table 1). When the oxidation yields with lysate and intact

RBC (Table 1) are compared, it can be seen that at pH 5.5,
where most of peroxynitrite is in the protonated form (95%
ONOOH), the presence of a membrane did not alter the
oxidation yields, indicating that peroxynitrous acid can freely
diffuse across the lipid bilayer. On the other hand, at pH 8.2,
96% of peroxynitrite is in the anionic form, and the yields of
oxyhemoglobin oxidation decreased by 2-fold because of the
diffusional barrier imposed by the erythrocyte membrane.
Thus, the possibility of peroxynitrite anion diffusing inside the
cell by anion channels was investigated by using specific
inhibitors of these anion transporters.

DIDS belongs to a family of sulfonated stilbenes that inhibits
the exchange of anions across the erythrocyte cell. The mech-
anism of inhibition is through binding to band 3 (the HCO3

2y
Cl2 transporter, major component of the RBC membrane) in
a two-step process: initial noncovalent attachment followed by
covalent reaction with an amino group of a lysine in the
N-terminal third of the membrane domain (48). At pH 7.0,
DIDS inhibited up to 50% the oxidation of hemoglobin by
external addition of peroxynitrite (Fig. 4). When the cells were
equilibrated at acidic pH, where most of the oxidant is in the
protonated form, no protection by DIDS was afforded (Table
2). Moreover, the inhibition by the stilbene disulfonate was
higher at alkaline pH than at pH 7.0. These results indicate
there is a transmembrane diffusion of peroxynitrite anion by
way of the erythrocytic anion channel, band 3.

To further confirm peroxynitrite diffusion inside the cell,
Western blot analysis of the relatively more specific peroxyni-
trite reaction product, nitrotyrosine, was performed. Nitroty-
rosine residues were detected on intracellular proteins after
external addition of 2 mM peroxynitrite to intact RBC (Fig. 5,
lane 6), whereas decomposed peroxynitrite (lane 4) as well as
4 mM nitrite caused much lower levels of nitration. The low
protein nitration observed in the reverse-order-addition ex-
periment and in the exposure to nitrite must be due to zNO2
formation from hemoglobin oxidation by nitrite coming from
peroxynitrite stock solutions and as a byproduct of its decom-
position (35). Indeed, as the reaction with nitrite is autocat-
alytic (45), we found that 2–4 mM nitrite caused significant
oxyhemoglobin oxidation (.50%) within 2 min, implying zNO2
formation. It is important to note that zNO2 formation from
nitrite requires the presence of oxyhemoglobin but would not
occur with methemoglobin. Because in the peroxynitrite-
treated samples (i.e., Fig. 5, lanes 5 and 6) all oxyhemoglobin
was rapidly oxidized to methemoglobin, it is safe to assume
that most, if not all, of the nitration observed during the
peroxynitrite exposure was exclusively due to peroxynitrite and
not to secondary products. When intracellular thiols were
covalently blocked by NEM, nitration of intracellular proteins
by external peroxynitrite was significantly increased (Fig. 5,
lane 5), demonstrating an effective competition between cy-
tosolic hemoglobin and thiols for the oxidant. This result
correlates well with the observed reduction on the yields of
oxyhemoglobin oxidation in buffer solution compared with
erythrocyte lysates (Table 1). The more intense signal ob-
served for the reverse-order-addition experiment with NEM-
treated RBC (Fig. 5, lane 3 vs. lane 4) can also be explained
considering the reaction of zNO2 with glutathione (k2 ' 108

M21zs21; ref. 49), therefore, part of the nitrating agent, zNO2,
in lane 4 is consumed in the reaction with reduced glutathione.

An important point when considering the likelihood of per-
oxynitrite diffusion relates to its fate in the presence of extracel-
lular targets (50, 51). In this context, it is particularly important
to consider the reaction of peroxynitrite with CO2 (k 5 5.7 3 104

M21zs21 at 37°C; ref. 17) that leads to the formation of an adduct
(nitrosoperoxocarbonate, ONO2CO2

2), which in turn has a very
short half-life (#1 ms). In extracellular fluids, the reaction with
CO2 (1–1.5 mM in equilibrium with bicarbonate) determines a
half-life of peroxynitrite in the order of '20 ms. Still, assuming
a diffusion coefficient for peroxynitrite anion similar to that of

FIG. 5. Effect of peroxynitrite on tyrosine nitration of human
hemoglobin and RBC. Samples were separated on an SDSy15%
polyacrylamide gel and examined by Western blot analysis with the
polyclonal antibody against nitrotyrosine. Lanes correspond to the
following: 1,12 mg of human hemoglobin; 2, 12 mg of peroxynitrite-
treated hemoglobin; 6, intact RBC treated with peroxynitrite; 5, RBC
treated with 1 mM NEM before peroxynitrite addition; 4, reverse-
order-addition experiment of lane 6; 3, reverse-order-addition exper-
iment of lane 5; 8, intact RBC; and 7, RBC pretreated with 1 mM
NEM. Lanes 3–8 contained RBC equivalent to 24 mg of protein.
Molecular mass markers were BSA (66), ovalbumin (45), trypsinogen
(24), and a-lactalbumin (14.2) and are expressed in kDa to the left.
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nitrate (1,500 mm2zs21; ref. 52) and a mean diffusion distance to
an RBC (hematocrit approximately 45%) of 4 mm, the average
diffusion time, applying Fick’s second law, will be '6 ms,
significantly less than that of the reaction with CO2. Thus, even
in the presence of CO2, peroxynitrite anion will be able to reach
inside the erythrocyte. It is worth noting that peroxynitrous acid
is expected to have an even higher diffusion coefficient than the
anion.

In summary, our results indicate that peroxynitrite is able to
cross the erythrocyte membrane by two different mechanisms:
(i) the anionic form through the HCO3

2yCl2 exchanger (spe-
cifically inhibited by DIDS), and (ii) the protonated form by
passive diffusion. Diffusion of O2

. by the erythrocyte anion
channel was previously reported (28); however, due to the low
pKa of the pair, 4.8, diffusion of the protonated form is unlikely
to be biologically relevant. On the contrary, the pKa for the
pair ONOO2yONOOH of 6.8, close to physiological pH,
implies that both mechanisms of peroxynitrite diffusion could
operate in vivo. The diffusion of peroxynitrite anion could be
different in cells other than the erythrocyte, depending on the
presence of membrane stilbene-inhibitable anion channels.
The erythrocyte membrane is particularly abundant in band-3
protein (1 3 106 copies per cell; ref. 48), but there are proteins
homologous to band 3 in nonerythroid cells with similar
function, promoting anion transport (48), that might serve to
transport peroxynitrite anion as well. Passive diffusion of
peroxynitrous acid becomes more relevant under acidic con-
ditions or in membrane systems with limited presence of anion
channels. Therefore, our results help to understand the mech-
anisms by which peroxynitrite diffuses across membranes and
also provide evidence indicating that peroxynitrite could react
at a distance from its site of production (i.e., 1–2 cell diame-
ters), even in the presence of excess target molecules.

Note Added in Proof. During the review process two manuscripts
affirming the general concept of membrane penetrability by peroxyni-
trite were published (53, 54).
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